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Ab Y t,l.ac t 

The motion of charged par t ic les  i n  a geomagnetic f i e l d  d i s to r t ed  

by the so l a r  wind i s  examined, using ad iaba t ic  theory. It i s  shown 

t h a t  the  d r i f t  motion of pa r t i c l e s  trapped on high L-shells depends 

s t rongly on t h e i r  equator ia l  p i tch  angle. Those mirroring near 

the equator move i n  on the  night side, while those mirroring a t  

low a l t i t u d e s  move out, thus producing a s ign i f i can t  s p l i t t i n g  of 

the L-shell  with p i tch  angle. One consequence i s  that the  very high 

l a t i t u d e  l i n e s  on the  day s ide may contain trapped pa r t i c l e s  near 

the equator, but none near t he  ends of t he  l i n e s .  The opening up 

of f i e l d  l i n e s  i n  the  geomagnetic t a i l  may be the  control l ing fac tor  

governing the  high-lat i tude l i m i t  of trapping on both the  day s ide  

and the  night s i d e .  



I. Introduction 

The theory of adiabat ic  invariants enables one t o  determine 

the motion of trapped par t ic les ,  s o  long as a complete descr ipt ion 

of t h e  magnetic f i e l d  i s  avai lable .  For the inner radiat ion b e l t ,  

i . e . ,  fo r  L 5 2, t h e  i n t e r n a l  e a r t h ' s  f i e l d  dominates, and very 

accurate ordering of the data has been possible by using a spherical  

harmonic expansion of the  e a r t h ' s  f i e l d  with i n t e r n a l  source 

terms only. In fac t ,  the  accuracy i n  t h i s  region seems t o  be 

l imited only by the  uncertainty i n  t h e  values of the coef f ic ien ts  

i n  t h e  expansion. A s  more accurate magnetic f i e l d  data a r e  obtained, 

the resu l t ing  improvement i n  the  f i e l d  model i s  expected t o  increase 

even fur ther  our a b i l i t y  t o  order the  trapped p a r t i c l e  data  i n  the  

inner b e l t .  

However, a t  higher L values, t h e  e f f e c t  of external  current 

sources becomes more and more important. Experimenters have found 

t h a t  beyond L x 5 ,  a two-dimensional coordinate system based on a 

f i e l d  model with i n t e r n a l  f i e l d  sources only is  no longer ab le  t o  

order the  data.  With polar-orbit ing s a t e l l i t e s ,  p a r t i c l e  fluxes a r e  

s t rongly dependent upon l o c a l  time, i n  addition t o  t h e  usual B and 

L coordinates. S a t e l l i t e s  i n  highly eccentr ic  o r b i t s  f ind large 

t i m e  var ia t ions  i n  p a r t i c l e  fluxes which depend upon magnetic 



- 2 -  

ac t iv i ty ,  i n  addition t o  var ia t ions  with l o c a l  time which occur 

even during magnetically quiet  times. 

In t h i s  paper we s h a l l  examine the consequences of adiabat ic  

theory i n  regions of the magnetosphere where external  current  

sources produce s igni f icant  d i s tor t ions  of the geomagnetic f i e l d .  

The variation of p a r t i c l e  fluxes with l o c a l  time w i l l  be invest igated.  

We sha l l  a l s o  demonstrate the  subs tan t ia l  s p l i t t i n g  of L s h e l l s  as 

a function of equator ia l  p i tch  angle. That is, it w i l l  be shown 

t h a t  par t ic les  a t  large L which mirror near the  equator ( i . e . ,  with 

la rge  equatorial  p i tch  angles)  follow s u b s t a n t i a l l y  d i f f e r e n t  

d r i f t  paths from those p a r t i c l e s  which mirror near the  e a r t h  ( i . e . ,  

with small equator ia l  p i t c h  angles) .  

t h a t  f i e l d  l i n e s  a t  la rge  L on the day s ide  of the  ear th  may be only 

p a r t i a l l y  loaded with trapped p a r t i c l e s .  The absence of trapped 

par t ic les  a t  the ends of these l i n e s ,  near t h e  ear th ,  i s  r e i a t e d  t o  

the i n a b i l i t y  of these p a r t i c l e s  t o  d r i f t  completely around the  

e a r t h  without entering the geomagnetic ta i l ,  where they no longer 

remain trapped. 

One consequence of t h i s  i s  
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. 11. Model of t he  Distor ted F ie ld  

The d i s to r t ions  of the  geomagnetic f i e l d  a t  l a rge  a l t i t u d e s  

currents a t  t h e  magnetosphere are primarily due t o  two sources: 

boundary and currents  i n  t h e  t a i l  of the magnetosphere. We s h a l l  

ignore here currents  due t o  the  d r i f t  motions of t he  trapped 

p a r t i c l e s  themselves ( "ring currents") , which a r e  generally small 

during magnetically quiet  times, and ionosphere currents  , which i n  

t h i s  region of space represent  in te rna l  sources whose f i e l d  fa l ls  

off  rap id ly  along with the  ear th '  s main f i e l d .  

The e f f e c t  of magnetopause currents has been calculated i n  

some d e t a i l  (Mead, 1964). Basically, t h e  coef f ic ien ts  of a spher ica l  

harmonic expansion with ex terna l  source terms have been determined, 

using the  solut ion t o  t h e  Chapman-Ferraro problem as given by 

Mead and Beard (1964). 

f i e l d  topologies, f i e l d  l i n e  d is tor t ions ,  and t h e  e f f e c t  of  changes 

i n  the boundary posi t ion.  

t h e  noon-midnight meridian plane is  shown i n  Fig. 1, and Fig.  2 shows 

a comparison of th is  d i s t o r t e d  f i e l d  with the  experimental measure- 

ments made by C a h i l l  on a sample pass of Explorer 12. It i s  seen 

t h a t  t he  predicted d i s to r t ions  a r e  in reasonable agreement with 

t h e  measurements. 

This expansion is  then used t o  ca lcu la te  --- 

The topology of the  d i s to r t ed  f i e l d  i n  

The expression f o r  t h e  d is tor ted  f i e l d  i n  t h e  equator ia l  plane 

i s  p a r t i c u l a r l y  simple i f  we r e s t r i c t  ourselves t o  the f i r s t  t w G  
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terms i n  t h e  ex terna l  source expansion, which tu rn  out t o  be the  

most important ones : 

a i  a 2  
B -  . . -  + - + -  r cos cp M 

r3 r 3  r 4  b b eq 

Here M = 0.31 gauss ( the  equator ia l  value of the dipole  f i e l d  a t  

t h e  ea r th ‘ s  surface) ,  rb i s  the  dis tance t o  t he  magnetopause in 

the  solar direct ion,  cp i s  the  azimuthal angle as measured from the  

noon meridian, and a1 and a2 a re  the  f i r s t  two non-vanishing external  

coef f ic ien ts  (note  that cp and a2 a r e  defined somewhat d i f f e r e n t l y  

i n  Mead - [1964]). 
the  three components of t he  f i e l d  off the  equator. The values of 

t he  coeff ic ients  a r e  shown i n  Table 1 fo r  Mead’s model and f o r  an 

image dipole model (Parker, 1960) . 

Similar,  but  more complicated expressions give 

Table 1. Values of t he  coef f ic ien ts  a1 and a2 i n  t h e  ex terna l  source 
expansion of t he  d i s t o r t e d  f i e l d .  

M 8 = .04 Gauss Image Dipole (Parker, 1960) = .06 Gauss 16 

Mead (1961~) 0.816 M = 0.673 M = - 
0.25 Gauss 0.21 Gauss 
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The expansion of the  f i e l d  near t h e  ear th  is  t h e  same i n  both 

models, except f o r  the  values of the coef f ic ien ts .  In  the image 

dipole model, r i s  the  distance t o t h e  i n f i n i t e  plane surface. 

Table 1 indicates  t h a t  for a given value of r t h e  image dipoie model 

grea t ly  underestimates the  magnitude of the  d i s t o r t i o n  near the ear th .  

b 

b' 

From Eq. (1) the  r a t i o  of external f i e l d  t o  i n t e r n a l  f i e l d  i s  

given by 

aext' = % - =  r3 0.8 r3 
b M rb3 r B i n t  

where <Bext> i s  t h e  external  f i e l d  averaged over l o c a l  time. This 

r a t i o  i s  about 0.14 a t  t h e  ear%;li's surface, 2.3% a t  3 F$, 1% a t  3 

and 4C$ at  8 RE, assuming a boundary a t  10 RE. 
rap id ly  become important as the  outer regions of the magnetosphere 

RE, 
Thus the external  terms 

are approached. 

Recent experimental measurements (Ness, 1965) have shown that. 

th is  model i s  incapable of accurately describing the topolsgy c!f the 

f i e l d  i n  the  t a i l  region. I n  the  region beyond a b m t  10 R near 

t h e  midnight meridian, a "neutral  sheet ' '  has been f m n d  which srpaixtes  

E . 

a n t i s o l a r  directed f i e l d s  i n  the  southern hemispherc f r m  
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so lar  directed f i e l d s  i n  the northern hemisphere. The presence of 

t h i s  neutral  sheet  implies t h e  existence of strong plasma currents 

inside the magnetosphere. Since the  Chapman-Ferraro problem assumes 

t h a t  no plasma e x i s t s  inside the boundary, the or ig ina l  model must 

be modified t o  include e f f e c t s  i n  t h e  magnetosphere t a i l .  This can 

be done in a somewhat ad hoc manner by calculat ing the  f i e l d  due 

t o  a current sheet i n  the  t a i l  and v e c t o r i a l l y  adding t h i s  t o  the 

f i e l d  obtained from the Chapman-Ferraro problem, as was dore by 

W i l l i a m s  -- and Mead (1965). The general e f f e c t  i s  t o  s t r e t c h  out the 

l i n e s  of force on the  night  s ide .  Lines of force a t  high l a t i t u d e s  

a r e  no longer closed, but  s t r e t c h  out i n t o  t h e  ta i l .  

i n  the noon-midnight meridian i s  s h m -  i n  Fig. 3. With the s t rength  

The confi,pration 

of the  t a i l  f i e l d  used i n  t h i s  calculation, a l l  l i n e s  above approximately 

67' a t  the e a r t h ' s  surface i n  the midnight meridian a r e  open, and 

thus cannot hold s tab ly  trapped p a r t i c l e s .  The c r i t i c a l  l a t i t u d e  

separating open f i e l d  l i n e s  from closed f i e l d  l i n e s  w i l l  decrease 

if the t a i l  f i e l d  increases.  Such increases have been observed by 

Ness during magnetically disturbed periods.  Thus one would expect 

the upper trapping boundary on the night  s i d e  t o  move t o  lower 

l a t i t u d e s  during magnetic disturbances.  
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111. Motion of Trapped Pa r t i c l e s  i n  a Distorted Field 

In order t o  study the  motion of pa r t i c l e s  trapped i n  a d i s to r t ed  

f i e ld ,  we s h a l l  assume that adiabat ic  theory i s  va l id  and t h a t  t he  

energy of the  pa r t i c l e s  remains constant. This i s  equivalent t o  

assuming a s t a t i c  magnetic f i e l d  and the  absence of e l e c t r i c  f i e l d s .  

This s i t ua t ion  i s  expected t o  be va l id  fo r  r e l a t i v e l y  energet ic  

p a r t i c l e s  during magnetically quiet  times. Any e l e c t r i c  f i e l d s  present 

w i l l  a f f e c t  primarily the  lower-energy pa r t i c l e s ,  i . e . ,  those w i t h  

energies up t o  30 or  100 kev. Above t h i s  energy, e l e c t r i c a l  f i e l d s  do 

not  seem t o  be an important fac tor .  

W e  s h a i i  consider two kinds of pa r t i c l e s :  those whose mirror 

points  are near t he  magnetic equator and those which mirror near the 

ends of the f i e l d  l i n e s  a t  low a l t i t udes .  The d r i f t  motion of these 

two c lasses  of pa r t i c l e s  w i l l  be subs tan t ia l ly  d i f f e r e n t .  

A consequence of t he  conservation of the  f irst  invariant ,  p, i s  

that a p a r t i c l e  w i l l  aiways mirror a t  the same vaiue of magnetic f i e l d  

s t rength,  Bm. 

the second invariant  J 0, and the d r i f t  paths w i l l  follow 

contours of constant f i e l d  strength aiong the  equator. Since the  

f i e l d  i s  compressed by the s o l a r  wind on the day s ide,  a t  a given 

r a d i a l  dis tance t h e  f i e l d  i s  stronger here than on the  night  s ide .  

Thus i n  order t o  remain on contours of constant f i e l d  

For pa r t i c l e s  that mirror near t he  equator, therefore ,  
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strength, p a r t i c l e s  must d r i f t  c loser  t o  t h e  ea r th  on t h e  night  

s ide.  An estimate of the  magnitude of t h i s  e f f e c t  i s  obtained by 

equating the f i e l d  magnitude ( i n  gammas) given by Eq. (1) i n  the 

subsolar and an t i so l a r  d i rec t ion :  

- 2.1 r 31, ooo 
r 3  n 

319000 + 2.1 rd = 
r 3  

d n 

where r and r a r e  the  dayside and nights ide dis tances ,  r i s  

assumed t o  be 10 RE, and Mead' s value for a2 i s  used. 

values of r vs .  r a r e  given i n  Table 2, showing t h a t  t h e  e f f e c t  

i s  strongly dependent upon r a d i a l  dis tance.  

d n b 

Some t y p i c a l  

n d 

Table 2.  Regions of constant magnetic f i e l d  i n t e n s i t y  in t h e  
s o l a r  d i r ec t ion  ( r  ) and a n t i s o l a r  d i r ec t ion  (r  ) d n 

r Ar d n r 

10 

8 

6 

4 

7.7 2.3 

7.0 1.0 

5.7 0.3 

3-96 0.04 
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Pa r t i c l e s  trapped near the  magnetopause on the so l a r  s ide w i l l  move 

several  ear th  r a d i i  c loser  t o  the earth a s  they dr i f t  around t o  the  

night  s ide.  

constant omnidirectional f luxes of e lectrons >40 kev a r e  displaced 

towards the sun by distances eorresponding roughly t o  those given 

i n  Table 2. That is, fluxes f a l l  o f f  more rapidly on the night 

s ide  than on the  day side,  i n  accordance with w h a t  one might expect 

from considerations of pa r t i c l e  d r i f t s .  

Frank e t  a l .  (1963) have found t h a t  contours of --- 

Par t i c l e s  on high L-shells with small equator ia l  p i tch  angle, 

i . e . ,  those t h a t  mirror near the earth, w i l l  follow subs tan t ia l ly  

d i f f e ren t  d r i f t  paths. They w i l l  mirror a t  approximately constant 

a l t i t u d e  as they d r i f t  around t h e  earth,  s ince the external  source 

terms produce only negl igible  change i n  the  f i e l d  magnitude a t  

l o w  a l t i t u d e s .  Assuming constant energy, the second invariant  

requires that 

1 - M* 
B "  
m 

remain constant. B is the  f i e ld  magnitude a t  the  mirror point, and 

the  l i n e  in t eg ra l  i s  taken along the  f i e l d  l i n e  between mirror 

points.  For high-lat i tude l ines ,  the  value of the integrand i s  

e s sen t i a l ly  uni ty  over almost the  e n t i r e  length of the  l i n e  ( f o r  

m 
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Thus the d r i f t  paths of particles trapped on high-latitude 

field l ines depend strongly on their equatorial pitch angle. 

with large pitch angle, i.e., those that mirror near the equator, 

d r i f t  t o  lower altitudes on the night side, the difference in 

altitude amounting t o  as mch as several earth radii .  

small equatorial pitch angles mirroring near the earth move aut 

on the night side. 

w i t h  p i tch angle. 

maximum of about l% that McIlwain (1961) found using internal source 

terms only for  the earth's field.  

Those 

Those w i t h  

This is equivalent t o  a sp l i t t ing  of L shells 

The sp l i t t ing  appears t o  be much more than the 

We turn now t o  another question: what controls the high- 

latitude l i m i t  of trapping on t h e  day side? 

trapped particles are not observed w i t h  polar-orbiting sa te l l i t es  

beyond an illvariant lati tude O f  about 70-75' ~ l l  the day side, the 

exact upper l i m i t  being sanewhat variable and dependent upon the 

threshold energy of the de tec t a .  

this latitude cmespap3ds t o t h a t  separating the field l ines  

crossing the equator un the day side fran .those which pass over the 

pole and are drawn back into the tai l .  

that this cannot be the case. 

For the m o s t  p t ,  

It has often been assumed that 

However, Table 3 shows 
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Table 3. Lat i tude where f i e l d  l i n e  en ters  ea r th  vs. equator ia l  crossing 
dis tance on the  noon meridian f o r  a pure dipole  and a d i s to r t ed  
dipole  with a magnetosphere boundary a t  10  %. 

Equat o r i a i  Cross ing 
Distance 

4 

5 

6 

7 

8 

9 

i o  

Lat i tude a t  Earth' s Surface 

Pure Dipole Distor ted Dipole 

60.0 

63.4 

65.9 

67.8 

69.3 

70.5 

71.6 

60.4 

64.4 

67.6 

70.3 

73.0 

76.5 

82.0 
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L 

RE An undis tor ted dipole  f i e l d  l i n e  crossing the equator a t  1 0  

would en ter  t he  ea r th  a t  a l a t i t u d e  of 71.5'. 

lines a r e  s t rongly compressed, and the l i n e  crossing a t  10 ac tua l ly  

en te r s  the  ea r th  a t  a much higher l a t i t ude ,  most l i k e l y  above 80° 

(Mead, 1964). Thus there  e x i s t s  a bundle o f  f i e l d  l i n e s  between 

approximately 70' and 80' on t h e  day s ide  which contain trapped 

p a r t i c l e s  i n  the  equator ia l  regions, but which seem t o  be devoid of 

p a r t i c l e s  near t h e  ear th .  

On the  day s ide  the  

The most l i k e l y  explanation of t h i s  i s  found i n  the  phenomenon 

of L-shell s p l i t t i n g .  Those pa r t i c l e s  trapped on t h i s  bundle o f  

f i e l d  l i n e s  whose mirror points  a r e  near the equator w i l l  d r i f t  

c lo se r  t o  the ea r th  on the  night side and s t a y  in  the  region of the  

magnetosphere where t h e  f i e l d  lines remain closed. Those which 

mirror  near t h e  ear th ,  however, move out on the  dark s ide  and find 

themselves i n  t h e  region of t he  ta i l ,  where t h e  f i e l d  l i n e s  a r e  

no longer closed. Since complete d r i f t  paths arcund the  ea r th  are 

not ava i lab le  t o  these  pa r t i c l e s ,  they become l o s t  and t h i s  region 

is  r e l a t i v e l y  f r e e  of trapped radiat ion.  

It thus appears t h a t  t h e  geomagnetic t a i l  may be the  control l ing 

f a c t o r  governing the  high-lat i tude l i m i t  of trapping. @n the  night 

s ide  p a r t i c l e s  are trapped on a l l  f i e l d  l i n e s  up t o  about 6>-7?'. 
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FIGURE CAPTIONS 

Figure 1. Shape of the  f i e l d  l i n e s  i n  the  noon-midnight meridian, 

considering only magnetopause currents.  

Fi,we 2. Comparison of model of d i s tor ted  f i e l d  with experimental 

data from Explorer 12. 

I# determine i t s  d i rec t ion  i n  spacecraft  coordinates (Cahill and 

Amazeen, 1963). This pass i s  near the noon meridian. 

IF1 i s  the  f i e l d  magnitude, and a and 

Figure 3. Modei of d i s t o r t e d  f i e l d  including a current sheet i n  the  

t a i l .  The shaded region represents the  region of s t a b l e  trapping. 

Figure 4. Shapes of pure dipole and compressed dipole l i n e s  having 

approximately the same length between low-alt i tude mirror points 

and same value of I. The compressed l i n e  crosses the  equator 

closer t o  the ear th ,  but en ters  t h e  e a r t h  a t  a higher l a t i t u d e .  
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